Abstract-We report on strong effects of uniaxial stress applied on in-fiber grating. Under the stress, the reflection peak splits because of the elasto-optically induced birefringence. The separation between the two peaks increases with the stress, and they broaden and shift. By modulating the pressure using a PZT disc at frequencies up to 1 MHz, we obtained modulation of the reflectivity, which varies with the wavelength within the grating reflection band. The effect of uniaxial pressure on IFG has not been reported, to our knowledge. In this letter, we report strong modification of the reflection spectrum of an IFG upon applying a static uniaxial stress and on the use of periodic uniaxial stress obtained with PZT transducers to obtain amplitude modulation.
Abstract-We report on strong effects of uniaxial stress applied on in-fiber grating. Under the stress, the reflection peak splits because of the elasto-optically induced birefringence. The separation between the two peaks increases with the stress, and they broaden and shift. By modulating the pressure using a PZT disc at frequencies up to 1 MHz, we obtained modulation of the reflectivity, which varies with the wavelength within the grating reflection band. index matched t-, rend N-fiber gratings (IFG's) are highly promising compo-I nents for building in-fiber interferometers and fiber lasers. The sensitivity of IFG's to external parameters such as temperature and pressure make them useful for sensing, frequency tuning, and as a means of building in-fiber amplitude modulators. Active and passive sensors of temperature, hydrostatic pressure, and strain have been demonstrated [ 1]- [5] based on the associated change of the grating period and the refractive index. The effect of uniaxial pressure on IFG has not been reported, to our knowledge. In this letter, we report strong modification of the reflection spectrum of an IFG upon applying a static uniaxial stress and on the use of periodic uniaxial stress obtained with PZT transducers to obtain amplitude modulation.
The IFG's used were holographically written with UV light in germania and boron-doped silica fiber to give a single Bragg reflection peak near the wavelength A = 1550 nm. For static stress measurements, the gratings were spliced to one of the output ports of a 2 X 2, 50-50 unidirectional fiber coupler (Fig. 1) . We distinguish between the two cases of static stres and dynamic stress when the stress is modulated by using a PZT transducer. In the static case, the light source used was a pigtailed broadband LED with an output power of = 10 pW spliced to one of the input ports of the coupler. The reflected light from the return port was fed into an optical spectrum analyzer (AND0 AQ-6310B). The stress was applied by pressing the grating with a flat aluminum block on top of a flat glass slide. The stress was carefully controlled by attaching the aluminum block to an optical micropositioning translation stage in such a way that it Manuscript received July 28, 1993; revised September 20, 1993 can pivot to lay flat on the fiber. The applied stress was measured by positioning the grating and the lower glass slide on top of an electronic balance while pressing with the top aluminum block. This measurement of the stress was also confirmed by directly pressing the grating with weights. Fig. 2 shows the main effects induced by the applied stress on the reflection peak. The full width at half-maximum of the grating reflection peak without pressure is 0.21 nm. The original peak splits into two peaks. For small stresses, the two peaks are not resolved, but their existence is predicted by the observed broadening of the original peak. Nonuniformities in the pressure causes asymmetry in the peak's height and shape. Such nonuniformity effects were observed in particular when the stress was small (dotted curve in Fig. 2 ). As the stress increases, the splitting becomes larger and the existence of two peaks becomes clearer, in particular when the original peak is narrow (dashed curve in Fig. 2 ). The height of each of the two peaks becomes equal to half the height of the original peak. For a grating that exhibited a full width at half-maximum (FWHM) of the reflection peak of = 0.33 nm, the induced peak appeared as a hump in the high A shoulder of the original peak.
The splitting of the reflection band under a uniaxial stress can be explained as a result of the stress-induced birefringence [6]. Upon applying a uniaxial force F diametrically on an optical fiber, the induced birefringence [6] is given by the following equation:
Here no is the refractive index of the core, P,,,P,, are the photoelastic constants parallel to the force and perpendicular to it, respectively, up is Poisson's ratio, E is with no pressure applied, dotted line is with small force of = 5 N , and grating at different wavelengths in response to a 20 P-P electrica1
Young's modulus, r is the fiber radius, and I is the pressed length of the fiber. For fused silica, P,, = 0.12, P,, = 0.27; no = 1.465, up = 0.17, E = 7.6 X 10" N / m 2 , and 1 = 2 cm, we get An = 3.66 X 10-6F. The splitting is given by AA = A,An/no where A, corresponds to the peak wavelength before applying stress. For A, = 1545 nm, and using the measured value of the splitting of A A = 0.4 nm, we find an induced birefringence of An = 3.8 X The measured force that yields the maximum splitting of AA = 0.4 nm is F = 30 N , giving An = 1.1 X according to (1). This is smaller than the experimental value by a factor of = 3.4. The most likely reason for this discrepancy is perhaps that the parameter used in (1) are modified by the presence of the core dopants, germania and boron in our case. This may also be the cause for the simultaneous shift of the two peaks (Fig. 2 ) to higher wavelengths, indicating that changes in the refractive indices along the force (an,) and perpendicular to it (an,) are both positive. In silica, the change of the refractive index in response to a uniaxial force is expected [6] to be negative along the force ( a n , < 0) and positive perpendicular to it (an, > O), according to an,,? = -n;F[(l + 3vp)P11,1, -(3 + ~,~P~~,~~1 / 2 . r r r l E .
The sign of an,,, is determined by the expression in the square brackets gx,, = (1 + 3vp)P,,,,, -(3 + V , ) P~~, ,~.
In our case, we calculated g, = -0.674 and g, = +0.027. Since g, is small, then any small difference in the values of the photoelastic constants and Poisson's ratio can change its sign. Experimentally measured values of the stress-optic coefficient show a strong dependence on the wavelength and the germania concentration in the fiber core [7-81. Similar discrepancies between measured and calculated parameters of the grating were reported in the results of the strain [ 11 and hydrostatic pressure [5] sensor experiments. It is unlikely that either intrinsic birefringence of the fiber (beat length 10 -30 cm) or UV-induced birefringence is responsible for the discrepancy; otherwise, significant polarisation dependence of the reflection peak would have been observed before applying mechanical stress. These facts led us to conclude that the discrepancy between the expected and the observed behavior of the stress-induced birefringence and shift of the peaks are mainly due to different values of the photoelastic constants and Poisson's ratio of the germania-doped and boron-doped fiber core.
The effect of the UV light, which is related to defect formation in the core, may be another reason for the change in its mechanical and photoelastic parameters.
From the appearance of the additional reflection peak, the broadening of the reflection band and the shifts in the two peak positions with the stress, we expect wavelengthdependent amplitude modulation to occur if the applied stress was modulated. To demonstrate this, we replaced the LED with a narrowband source (HP 8168A) tunable in the range 1500-1565 nm. The IFG was pressed on top of a PZT disc of the type 5A (Vernitron-UK), having a 22-mm diameter and being 1.8 mm thick and designed to resonate in thickness mode at 1 MHz. The polarization controller, positioned just before the grating (Fig. l) , affected the stress-induced reflectance modulation because the incident light from the HP tunable source is polarized. The polarization state of the light entering the grating was measured by analyzing the state of polarization of the transmitted light, which was collimated with a quarter pitch GRIN lens through a calcite polarizer and to the detector. The modulated optical signal was detected with a photodiode and displayed on an oscilloscope. Optical modulation at low resonant frequencies of the PZT and near the 1-MHz resonance was observed both in transmission and in reflection. Fig. 3 shows typical oscilloscope traces representing transmitted optical power as a function of time at different wavelengths within the reflection band. The variation of the modulation depth within the wavelength correlates with the changes observed in the reflectivity under static pressure. The modulation in the dynamic case is weaker than it is in the static case, however, because in the dynamic case, the applied stress from the PZT is smaller, and also because of the static component of the stress that appears once the IFG is assembled between the top aluminum block and the PZT. Consequently, in response to the elastic wave, the birefringence oscillates around a mean value that is different from zero.
Effects of varying the polarization state of the incident light have also been observed. The maximum modulation was obtained when the polarization controller was adjusted so that the reflectance at A = 1545.65 nm was maximized. The polarization state was confirmed to be linear in the direction nearly perpendicular to the applied stress by analyzing the polarization of the transmitted light (Fig. 1) . With this polarization state, the reflectance near the original peak, A = 1545.2 nm, and the modulation depth were negligible. When the polarization controller was adjusted to obtain a transmitted light with polarization state nearly linear and parallel to the applied stress, the reflectance near the peak at A = 1545.65 nm was negligible, whereas that near A = 1545.25 nm was maximized. The modulation in this case was weak at any wavelength because the change in the reflectivity near the original peak is weaker than it is outside its region.
In conclusion, we report strong effects of a uniaxial stress on in-fiber grating reflectivity. The reflection peak splits into two, and then shifts and broadens with the applied stress. Amplitude modulation was demonstrated by modulating the stress using a PZT transducer at frequencies up to 1 MHz. INTRODUCTION ARALLEL optical digital data links for short dis-P tances ( < 100 m) have attracted a lot of attention
, with the promise of high-bandwidth (> 1 Gb/s) interconnection modules that can be interfaced directly with standard logic families such as emitter-coupled logic (ECL). In general, these data links must supManuscript received July 13, 1993; revised September 8, 1993 . This work was supported in part by DARPA and the Joint Services Educational Program (JSEP).
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port bit-error-rates (BER) less than unless data encoding and error correction techniques are used. The stringent performance requirements of optical front-end receivers in computer data links include:
(1) Interchannel crosstalk below -40 dB for frequen-(2) Insensitivity to packaging parasitics and power sup- The absence of bypass capacitors also affects the phase margin needed for overall circuit stability in arrays of high-gain feedback amplifiers. For these reasons, we have chosen to implement our receiver array in a hybrid form, taking advantage of the high-quantum efficiency and bandwidth of the InGaAs p-i-n diodes, as well as the excellent properties of AlGaAs/GaAs heterojunction bipolar transistor (HBT) technology, which include a high collector-emitter breakdown voltage and a semi-insulating
